The magnetic and transport properties of Mn-doped ZnO thin films codoped with Sn are examined. Superconducting quantum interference device magnetometry measurements indicate that the films are ferromagnetic with an inverse correlation between magnetization and electron density as controlled by Sn doping. Magnetism in low free-electron density material is consistent with the bound magnetic polaron model, in which bound acceptors mediate the ferromagnetic ordering. Increasing the electron density decreases the acceptor concentration, thus quenching the ferromagnetic exchange. This result is important in understanding ferromagnetism in transition-metal-doped semiconductors for spintronic devices. © 2005 American Institute of Physics. ͓DOI: 10.1063/1.1856225͔
INTRODUCTION
The field of spintronics has attracted significant attention, most recently for its potential in providing functionality and enhanced performance in semiconducting devices, including spin-based field-effect transistors ͑FETs͒, spinpolarized lasers, light-emitting diodes ͑LEDs͒, nonvolatile magnetic semiconductor memory, and perhaps quantum computing. 1, 2 Contemporary interest in dilute magnetic semiconductors [3] [4] [5] [6] [7] ͑DMSs͒ has been stimulated by the discovery of ferromagnetism in Mn-doped GaAs with a T c of 110 K. 8 This value of Curie temperature is significantly higher than that observed in previously studied DMS materials. Nevertheless, the advancement of spintronics as a technology depends upon the development and understanding of semiconductors that can support spin-polarized carrier operation at or above room temperature.
Research efforts have identified several magnetically doped semiconductors that show evidence of ferromagnetic ordering above room temperature, [9] [10] [11] [12] including transitionmetal-doped ZnO. As a direct wide-band-gap material, ZnO is of interest for photonic, electronic, and magnetic applications. 13, 14 Dietl et al. used Zener's model for ferromagnetism, driven by exchange interaction between hole charge carriers and localized spins, to predict ferromagnetism in p-type Mn-doped ZnO. 15 Motivated by this prediction, numerous studies have addressed the magnetic properties of transition-metal-doped ZnO with conflicting conclusions regarding magnetic behavior. [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] In particular, for Mn-doped ZnO, Jung et al. 21 reported low T c ͑45 K͒ ferromagnetism, whereas Fukumura et al. 22 observed spinglass behavior with a spin-freezing temperature of 13 K. For Mn doping, we have reported ferromagnetism with a Curie temperature approaching 250 K in Mn-implanted, Sn-doped bulk ZnO crystals. 23 High-temperature ferromagnetism was also reported in ͑Zn,Mn͒O by Sharma et al. with a T c above 425 K in bulk crystals and above 300 K in thin films. 12 With an apparent T c above 300 K, Mn-doped ZnO is attractive for spintronic technology. Moreover, this material is useful in delineating the origin of ferromagnetism in a semiconductor host, primarily due to a lack of ferromagnetic secondary phases in the Zn-Mn-O phase diagram. For other transitionmetal dopants, the possible presence of secondary ferromagnetic phases cannot be easily eliminated as the origin of the magnetic signals. For Mn-doped ZnO, the only ferromagnetic composition for this solid solution is Mn 3 O 4 , which is ferrimagnetic with a Curie temperature less than 50 K. 33, 34 Therefore, any room-temperature ferromagnetism cannot be assigned to known secondary phases as none exist.
While experiments indicate high-temperature ferromagnetism in these materials, there remains some questions regarding the origin of the magnetic behavior in Mn-doped ZnO materials. ferromagnetism has been reported in n-type and/or semiinsulating samples. In fact, achieving high hole carrier density in ZnO is a significant challenge that is being actively pursued for electronic applications. 38 An alternative model addresses whether ferromagnetic ordering of the Mn moments could originate from carriers ͑holes͒ that are present in the material, but localized at the transition-metal impurity. 39, 40 The bound magnetic polaron model assumes an exchange interaction between the transition-metal ͑Mn͒ ion and localized ͑trapped͒ holes that are spatially near the Mn ion. As temperature decreases, the size of the bound magnetic polaron grows until its radius overlaps that of the neighboring polarons. This enables ferromagnetic ordering of the Mn ions in an otherwise insulating or semi-insulating material. Predictions based on this bound magnetic polaron model suggest that ferromagnetic ordering is possible. However, for Mn, it still depends on the availability of holes, albeit a localized distribution.
In this paper, we report on the synthesis and magnetic properties of Mn-doped ZnO epitaxial films that are codoped with Sn. Codoping allows independent control over the magnetic and electronic properties of the material by doping for each separately. In II-VI materials, the addition of Mn 2+ does not introduce shallow donor states. By codoping II-VI semiconductors, Mn provides the localized spins needed for carrier-mediated ferromagnetism, with the additional dopant added to control the carrier concentration in the material. We investigated the carrier density dependence of saturation magnetization using Sn as a donor dopant.
EXPERIMENTS
Epitaxial Mn, Sn-doped ZnO films were grown by conventional pulsed-laser deposition. Laser ablation targets were prepared from high-purity powders of ZnO ͑99.999%͒, with MnO 2 ͑99.999% ͒ and SnO 2 ͑99.95% ͒ serving as the doping agents. The pressed targets were sintered at 1000°C for 12 h in air. The targets were fabricated with a nominal composition of 3 at. % Mn and 0, 0.1, 0.01, and 0.001 at. % Sn. A Lambda Physik KrF excimer laser was used as the ablation source. The laser energy density was 1 -3 J / cm 2 with a laser repetition rate of 1 Hz and target-to-substrate distance of 6 cm. The growth chamber exhibits a base pressure of 10 −5 Torr. Films were deposited onto single-crystal, c-plane oriented sapphire substrates. Film growth was conducted over a temperature range of 400-600°C. An oxygen pressure of 20 mTorr was used for all film growth experiments. Film thicknesses were approximately 300-400 nm. X-ray diffraction was used to determine the crystallinity and secondary phase formation. Superconducting quantum interference device ͑SQUID͒ magnetometry was used to characterize the ferromagnetic behavior of the doped films, focusing on the films grown at 400°C.
RESULTS
The phase stability and solid solubility of Mn in the ZnO films were investigated as a function of growth temperature for films with varying Sn concentrations. Figure 1 shows the x-ray diffraction scans for films deposited under the given growth conditions. In all cases, the dominant film peaks correspond to c-axis perpendicular ZnO. Note that, for some of the films, segregation of the Mn 3 O 4 phase is evident in the diffraction data. As mentioned earlier, the Mn 3 O 4 phase is ferromagnetic with a Curie temperature less than 50 K. The narrow peak located near 31°is an artifact peak from the sapphire substrate. Previous reports from Fukumura et al. indicated that epitaxial ZnO films with a Mn concentration as high as 35% could be achieved while maintaining the wurtzite structure using pulsed-laser deposition. 41 In this study, we find evidence for Mn oxide precipitation at a Mn concentration of only 3 at. % Mn, although the intensity of diffraction peaks from Mn 3 O 4 varies with growth temperatures and Sn concentrations. This discrepancy between this work and that of Fukumura et al. might be attributed to the higher oxygen pressure used in our experiments ͑20 mTorr͒ as compared to 5 ϫ 10 −5 Torr in the experiments of Fukumura et al. Note that the precipitation of Sn-containing phases is not observed in the diffraction scan, nor is it expected even if present as the nominal concentration of Sn in the films is ഛ0.1%.
The epitaxial nature of the ZnO films was determined using four-circle high-resolution x-ray diffraction. Figure  2͑a͒ shows the x-ray diffraction scan about the ZnO ͑002͒ peak for the film grown on c-plane sapphire substrate at a growth temperature of 500°C and Sn concentration of 0.1%. The ZnO ͑002͒ rocking curve displays a full width at half maximum ͑FWHM͒ of 0.5°. The in-plane alignment is evident in the phi scan of the ZnO ͑101͒ plane shown in Fig.  2͑b͒ . The phi-scan peaks at 60°intervals are consistent with the hexagonal symmetry of the epitaxial ZnO wurtzite structure.
The room-temperature resistivity for the Mn-doped ZnO films with varying concentrations of Sn was determined using a four-point van der Pauw geometry. Defect chemistry calculations for Mn-doped ZnO indicate that Mn +2 forms a donor level ϳ2.0 eV below the conduction-band edge. 42 This deep donor state with Mn substitution on the Zn site in ZnO has no direct effect on the electron concentration at room temperature. However, defect chemistry calculations also indicate a reduction in Zn interstitials with Mn doping. Zn interstitials are generally accepted as the primary shallow donor defects in nominally undoped ZnO. This will yield an increase in resistivity for Mn-doped films as compared to undoped material. [42] [43] [44] The Mn-doped ZnO films with no Sn exhibit a resistivity on the order of 10 2 ⍀ cm with a carrier density of mid-10 16 /cm 3 . This carrier density is substantially lower than that seen for undoped epitaxial films and is consistent with the reduction of shallow donors. Limited results on the doping behavior of Sn in ZnO indicate that it introduces a donor state, [45] [46] [47] [48] [49] although in some II-VI compound semiconductors, Sn is an amphoteric dopant, substituting on either the II or VI site. 50, 51 For ZnO, the expectation is that Sn will substitute on the Zn site due to a close match in ionic radii between Zn +2 ͑0.074 nm͒ and Sn +4 ͑0.069 nm͒. For the epitaxial films considered in this work, Sn behaves as a donor. The resistivity of ZnO:Mn films with various Sn content is shown in Table I . The resistivity of the films drops rapidly with Sn doping with a minimum of 0.185 ⍀ cm for a Sn concentration of 0.1%. The most common valence state of Sn is +4, yielding a doubly ionized donor if doped substitutionally on the Zn site. Hall measurements indicate that the films are increasingly n type with Sn doping up to 0.1 at. %.
It should also be noted that other work has shown that the addition of Sn to ZnO ceramics also yields an enhancement in crystallinity. 45, 46 The magnetic properties of the films were measured using a Quantum Design SQUID magnetometer. The diamagnetic responses of the substrate and host semiconductor were subtracted from the magnetization plots. The primary focus of the measurements was to determine how the magnetic properties of the films changed as a function of electron density as controlled by Sn concentration. Samples that showed minimal amounts of Mn 3 O 4 precipitation via x-ray diffraction were used for the SQUID measurements. Figure 3 shows the magnetization as a function of applied magnetic field for epitaxial ZnO:3% Mn films both without ͑a͒ and with ͑b͒ Sn codoping. For the Mn-doped film with no Sn, saturation in the magnetization is observed, but with little evidence for hysteresis in the M vs H curves. In contrast, the ZnO film doped with both Mn and Sn exhibits clear hysteresis. From the hysteresis curves, one can also observe an increase in loop width with increasing Sn concentration. Figure 4 shows the coercive field as a function of Sn concentration, suggesting domain pinning as the Sn doping is increased. It is unclear why the addition of Sn enhances the hysteretic magnetization response in the Mn-doped films. It might indicate enhanced pinning of domains due to the Sn dopants. Most interesting is the saturation magnetization behavior as Sn content is increased. As noted earlier, increasing Sn concentration increases electron density and conductivity. Figure 5 shows the room-temperature magnetization versus field behavior for the ZnO samples containing 3% Mn and Sn contents of 0, 0.1, 0.01, and 0.001%. Magnetization is given as the magnetic-moment/Mn-dopant ion. Initially, there is an increase in magnetization with minimal Sn doping. However, with increasing Sn doping, there is an inverse correlation between the Sn content and saturation magnetization. As the electron density increases with Sn doping, the magnetization decreases. The maximum magnetization corresponds to a magnetic moment/Mn ion of ϳ0.5 bohr magnetons/Mn. This is consistent with the bound magnetic polaron model in which only a fraction of the Mn ions are expected to order ferromagnetically due to competing superexchange antiferromagnetic interactions between neighboring Mn ions. 52 The inverse correlation of saturation magnetization with electron density is interesting and provides some insight into the mechanism for ferromagnetism in Mndoped ZnO. Overlap of the Mn d states with the valence band suggests that holes are necessary in order to induce ferromagnetic order. For semi-insulating films to exhibit ferromagnetism, the bound magnetic polaron model provides a mechanism whereby holes that are localized at or near the Mn ions are responsible for mediating ferromagnetism. The addition of electrons to the system will move the Fermi energy level up in the band gap, resulting in a decrease in hole density and a reduction in magnetization. This appears consistent with early work on trivalent-doped ͑Zn,Mn͒O where no ferromagnetism was observed for heavily n-type films. It may also explain the discrepancy from other studies of Mndoped ZnO films in which the intrinsic defect-mediated donor states are high in density. It is important to note the need to maintain a Mn concentration low enough to avoid Mn-Mn antiferromagnetic interactions, which are likely to dominate high Mn-doped ZnO films.
In conclusion, the magnetic and transport properties of Mn-doped ZnO thin films codoped with Sn were examined. Results indicate that the films are ferromagnetic with an inverse correlation between magnetization and electron density as controlled by Sn doping. The results are most consistent with the bound magnetic polaron model in which bound acceptors mediate the ferromagnetic ordering. Increasing the electron density decreases the acceptor concentration, thus quenching the ferromagnetic exchange. This result is relevant to understanding ferromagnetism in transition-metaldoped semiconductors. 
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